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Clogging of microporous channels networks: role of connectivity
and tortuosity
Patrice Bacchin • Quentin Derekx • Damien Veyret •
Karl Glucina • Philippe Moulin
Abstract The aim of this work is to study the pore
blocking by the use of microfluidic devices (microsepara-
tors) and numerical simulation approaches. The microse-
parators are made in PDMS and are constituted of an array
of microchannels 20 lm wide with three types of structure:
straight microchannels, connected microchannels (or
aligned square pillars) and staggered square pillars in order
to mimic merely the complexity of the flow encountered in
filters or membranes (tortuosity, connectivity between
pores). Direct observation with video microscopy of fil-
trations of 5 lm latex particles has been performed to
examine the capture of particles. The results show a piling
up of particles within the porous media leading to a clog-
ging. The capture efficiency remains low (\0.1 %). In the
case of filtration in the forest of pillars, the capture is faster
and arises mainly between the pillars. The increase in
tortuosity in the microseparator leads then to a rise of the
clogging. It must be caused by the increase in critical
trajectories leading to the capture of particles on the
PDMS walls. At the same time, numerical simulations of
filtration in parallel with microchannels have been per-
formed in the same flow conditions with GeoDict soft-
ware. The different kind of experimental deposit structure
can be simulated, but there is still inaccuracy in the
description of the accumulation kinetics. These discrep-
ancies are probably due to the lack of accuracy to depict
particle/particle colloidal interactions in simulations and
the fact that re-suspension of particles after capture is not
well described.
Keywords Microchannels  Plugging  Filtration 
Numerical simulation  Fouling
1 Introduction
The understanding of pore clogging is an important sci-
entific challenge to maintain flow in microfluidic systems
transporting particles as well as to optimize the efficiency
of processes. For instance, the prediction of internal
clogging in membrane processes is still impossible in the
water treatment. The understanding of the conditions
under which particles clog a porous media and the
reversibility of the capture process (by a flow reversal, a
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phase change, etc) is a scientific challenge with important
technical consequences.
Nowadays, it is impossible to know how the particles are
captured by the membrane mainly because of the complex
interplay between the particle–membrane interactions and
the hydrodynamics occurring at pore scale in this process
(Bacchin et al. 2011; Bowen et al. 1999; Kim and Zydney
2004). The interplay between surface interactions and
hydrodynamics gives rise to interesting possibilities to limit
the fouling that has been investigated via the critical flux
concept (Bacchin et al. 2006a): a flux belowwhich fouling is
limited because of surface interactions that overcome drag
force pushing particles toward the membrane. The critical
flux concept has shown its relevance to understand how the
dispersion stability combines to the filtration conditions and
leads to very different fouling scenarios. However, a sharp
transition between a dispersed and a solid phase is not often
observed in practice, and discrepancies between the models
and experiments still exist (Bacchin et al. 2006b), even with
well characterized suspensions and membranes. One possi-
ble cause for these discrepancies is the fact that such mem-
brane cannot be represented as a continuous porous surface
with homogeneous properties, an assumption often done in
simulations. Phenomena occurring at pore scale like pore
clogging are then of importance: experimental and theoret-
ical studies are needed to progress in their understanding.
In the last decades, different experimental studies have
brought into light the importance of the pore scale on the
fouling phenomena. A key has been the experimental
development of new in situ quantifications of physical and
chemical processes occurring during filtration (Chen et al.
2004) often based on microfluidic techniques. Bromley et al.
(2002) showed a critical flux fivefold higher with slotted
pores than with circular pores. Similarly, Chandler and
Zydney (2006) realized a filtration experiment of a yeast cell
on slot-shaped or circular pores and demonstrated that the
flux decline was slower with slotted pores. In such micro-
systems when analyzing deposition of latex particles near
circular pores, Lin et al. showed the existence of two pref-
erential locations for particle deposition near the pore
entrance. All these results clearly indicate the impact of the
local structure at the membrane surface on the first step of
the clogging phenomena. Furthermore, other experiments
(Kuiper et al. 2000) with microsieves with circular pores but
various porosities have shown that the latter plays an
important role in the development of the cake layer at the
membrane surface. For a high porosity, i.e., pores very close
to each other, steric hindrance can occur between particles
and prevents their deposition over the whole membrane
surface. Similar situations were experimentally evidenced
by Ramachandran and Fogler (1999, 1998) using direct
visualizations of track-etched membranes, at pore scale,
after filtration experiments performed with well latex
dispersions of well-controlled particle sizes. Their experi-
ences highlighted the formation of particle cluster at the
pore entrance. The formation of particle cluster leading to
arches in microchannels has been observed and analyzed in
channels for a size ratio around 0.3 even for dilute suspen-
sions (Sharp and Adrian 2005). Mustin and Stoeber (2010)
also showed that a low concentration of relatively large
particles in a suspension has a major effect on the average
time for a microchannel to be blocked by particles. In 2012,
Agbangla et al. have determined experimentally critical
conditions for the formation of arches leading to the for-
mation of deposit at the pore entrance. Critical conditions in
terms of a combination of operating conditions (combina-
tion of the particle concentration and the particle velocity)
have been identified. Such a behavior has been pointed out
by (Wyss et al. 2006) the time required to reach channel
clogging depends on hydrodynamics; the clogging increases
with the flow rate because of the increasing amount of
transported colloidal particles. All these studies demonstrate
that the 3D structure of the clogging results from the pre-
liminary particle deposition (for example with arches for-
mation) being very dependent on the transport at pore scale.
On a theoretical point of view, a limited number of
numerical studies copes with the above-mentioned diffi-
culties, associated with a description of the fouling at
pore scale. Bowen et al. (1999) computed the electrostatic
interaction between a single charged particle and a pore,
modeled as a cylindrical opening in a flat charged plane
for various particle positions. They found some equilib-
rium positions for the particle, located above the pore
when the drag force exerted by the particle corrected for
pore-particle hydrodynamic interactions is balanced by
the repulsive electrostatic interaction. If the fluid velocity
exceeds a given critical value, the drag force can over-
come the repulsive force and the particle can flow through
the pore. However, these approaches have been devel-
oped for dilute systems and do not account for multibody
interparticle interactions occurring near a pore entrance.
More recently, Ando et al. (2012) performed simulations
accounting multiple surface interaction between particles
at a pore entrance and showed different fouling modes
according to the pore/particle size ratio: for a ratio of 3.6,
initially particles filled the pores and then form a cake
layer on the surface of membrane, whereas when the ratio
is lower (2.5), particles are accumulated on the surface of
the membrane without filling the pores and a cake layer
forms across the entire filtration. These simulations also
show the effect of these clogging structures on the effi-
ciency of backwash sequences. Henry et al. (2012) have
reviewed the modeling approaches taking into account
the competition between particle–fluid, particle–surface
and particle–particle interactions existing in pore clog-
ging phenomena. They confirm that, depending on
hydrodynamic conditions (flow velocity), fluid charac-
teristics (such as ionic strength) as well as particle and
substrate properties (such as zeta potentials) particle
deposition can lead to the formation of either a single
monolayer or multilayers and then to very different
clogging dynamic.
The results mentioned above highlight the need for
studies performed at pore scale, in order to progress toward
a better understanding and prediction of clogging and
fouling mechanisms. At that point, it is worth mentioning
that even if the so-called filtration laws are based on
fouling models involving a description at the pore scale,
such as complete or intermediate pore blocking, pore sec-
tion narrowing (Hermia 1982), they are typically used at
membrane scale to describe for instance the decline in
permeate flux as fouling goes on. Thus, they are not able to
properly model situations where membrane heterogeneity
is important (Grenier et al. 2008).
Our aim, in this paper, is to investigate the plugging of
porous media with an approach coupling microfluidic
experiment and pore-scale simulation. In this context, we
develop with microfluidic techniques, microseparator
devices in PDMS material allowing the direct observation
of the internal clogging in microfluidic porous media
(Bacchin et al. 2011). In this paper, the filtration results of
microseparators with different pore geometries are dis-
cussed at the light of numerical simulation.
2 Materials and methods
2.1 PDMS microseparators
We developed polydimethylsiloxane (PDMS) microfluidic
devices mimicking pore scale of filtration systems with
arrangement of microchannels. Thanks to the transparency
of PDMS, these microseparators allow a direct observation
of the dynamic of particle clogging under microscope. The
PDMS microseparators used in the present study were
made by the usual soft lithography technique (McDonald
et al. 2000). Three types of structure were designed in the
present work: straight microchannels (Fig. 1a), connected
microchannels or aligned square pillars (Fig. 1b) and
staggered square pillars (Fig. 1c) in order to mimic merely
the complexity of the flow encountered in filters or mem-
branes (tortuosity and connectivity between pores). The
common depth of all the channels of the network is 50 lm,
and the bottleneck size is 20 micrometers. The specific
dimensions of each microseparator2 are specified in Fig. 1.
A schematic view of the design of the whole microse-
parators has been presented in previous papers (Bacchin
et al. 2011). After the filtration in these systems, the PDMS
microsystems are periodically rinsed with ultrapure
deionized water.
2.2 Latex dispersion filtered in microseparators
The dispersion used in the present study consisted in
monosized polystyrene microspheres (latex) [sulfate latex
Invitrogen A37306]. The latex particle diameter was
4.90 ± 0.21 lm. The pore/particle size ratio is then 4. The
latex suspensions used in the filtration experiments were
obtained by diluting the concentrated latex suspension in
aqueous solutions until the volume fraction reaches 5.10-3.
Aqueous solutions were ultrapure water or KCl solution
(10-1 M in KCl) to reduce the magnitude of repulsive
interactions between surfaces. This KCl concentration is
lower than the critical salt concentration in a quiescent
fluid (0.2 M) in order to avoid the aggregation of particles.
Prior to experiments, the dispersion is exposed to ultrasonic
waves during several seconds in order to avoid an aggre-
gation of the latex particles.
2.3 Direct observation procedure
A constant suspensionmean velocity (Vmean = 0.0045 ms
-1)
in the larger upstream channel was imposed through the mi-
croseparators by a syringe pump feeding the latex dispersion
(Sky Electronic PS 2000). The microseparator was placed on
the stage of an Axiolab (Zeiss) microscope with a magnifi-
cation of9100, see Fig. 2, and images were acquired using a
high-sensitivity camera (Pixelfly QE, PCO). The exposure
200 µm
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Fig. 1 a Straight parallel microchannels, b connected microchannels or aligned square pillars c staggered square pillars
time for the camera was 6.10-3 s, and the dynamic of the
deposit formation was recorded by grabbing images every
20 s of filtration. The captured particle positions (for the very
first layers of particles to deposit) and, later on, the cake of
deposited particleswere easily discernible on the images. As a
particle displacement during the exposure time was several
times its diameter, the resulting blur could be used to appre-
ciate trajectories of individual particles near the entrance of
the microchannels.
The image has been analyzed by the application of a
thresholding technique (ImageJ software). It helps to
quantify the surface occupied by the deposited particles
present in the microsystem in the different part of the mi-
croseparator (inside the microchannels—internal clogging-
or above the microchannels—superficial deposit). The bi-
narization of the obtained images, facilitated by the strong
contrast between the adhered particles and the rest of the
microsystem image, allows the determination of the num-
ber of pixels occupied by the PDMS wall and deposited
particles. The number of pixels corresponding to the first
recorded image (image with microchannels only) has been
subtracted from the pixel values of other images recorded
in time in order to take into account the deposited particles.
This normalized number of pixels is then converted to the
surface (mm2 in particular) due to the known dimensions
for engravings present in the microsystem: 1 mm corre-
sponds to 783 pixels.
2.4 Numerical model (Geodic software)
At pore scale, the exact description of the particle transport
in a porous media is made difficult: the particles and pore
sizes are of the same order of magnitude, and hydrody-
namic interactions between the particle and the membrane
have to be accounted for. The simulations have been made
with the software GeoDict (Fraunhofer ITWM), which
allows the calculation of the transport of particles in
complex porous media. The created volume (Fig. 3) is a
parallelepiped mesh in elementary cubes, called voxels,
whose size is determined by the user. In our simulation, the
voxel size corresponds to 0.45 lm. Each voxel is either a
fluid element or a solid element (red voxels in Fig. 3). The
boundary conditions for the simulations are inlet and outlet
conditions in the opposite inlet and outlet surfaces and
periodic conditions on others surfaces (Fig. 3). Different
volumes have been created in order to mimic the micro-
fluidic geometries (Fig. 1).
During the computation, the Navier–Stokes-Brinkman
equations are solved (Wiegmann et al. 2009) to determine
the fluid velocities. When inertial term can be neglected
(the case of the present work), the system corresponds to
Stokes equations with the conservation of momentum
(Eq. 1) and mass (Eq. 2):
ÿlDu~þrp ¼ f~ ð1Þ
ru~¼ 0 ð2Þ
with: u~, fluid velocity (ms-1) l, dynamic fluid viscosity
(Pa s) p, pressure (Pa) f~, external forces applied on the
fluid (N).
In the present case, the FFF-Stokes solver (Wiegmann
et al. 2009) was used to solve these equations.
Once the velocity field is determined, the code deter-
mines particles trajectories. For the computation of the
particles tracking, the trajectories of particles are solved in
the fluid velocity field by applying the second Newton’s
law for each particles accounting for the drag force and the
Brownian motion (described with a Wiener process):
dx~
dt
¼ v~ ð3Þ
dv~
dt
¼ ÿc v~ x~ tð Þð Þ ÿ u~ x~ tð Þð Þð Þ þ r
dW~ tð Þ
dt
ð4Þ
with, t, time (s); x~, position vector of particle (m); v~, par-
ticle velocity (m.s-1); u~, fluid velocity (m.s-1); W~ tð Þ,
Wiener process for Brownian diffusion force (s-1/2).
The first term of Eq. 4 corresponds to the drag force. Its
expression is valid for a Stokes flow (10ÿ4\Re\1).
Fig. 2 Scheme of the
experimental device
Coefficient c corresponds to the drag coefficient divided by
the particulate mass:
c ¼
6lR
m
ð5Þ
with R, particle radius (m); m, particle mass (kg).
The second term of Eq. 4 corresponds to the Brownian
motion described by a Wiener process. The coefficient r is
given by Einstein’s fluctuation–dissipation theorem:
r2 ¼
2kBTc
m
ð6Þ
with kB, Boltzmann constant (J K
-1); T, Temperature (K).
When computing the particle trajectory, collision
detection tests with walls are performed at each time step
by comparing the particle position, its radius and the
localization of the closest solid voxels. In case of particle–
wall surface collision, there is a capture condition descri-
bed by a balance between the kinetic energy of the particle
and the Hamaker constant, the attractive interaction
between the particle and the wall. In case of bounce, the
restitution coefficient represents the rate of recovered
energy, and when there is a capture, the particle cannot be
detached. In standard simulations, the restitution coeffi-
cient for bounce is taken at 1 (theoretically, this coefficient
is about 0.95 for an elastic plastic choc) and the Hamaker
constant is 10-20 J: a standard value for the Van der Waals
interactions between organic materials. In the present case,
the repulsive interactions (Coulombian forces can be
implemented in GeoDict) are not added as it cannot depict
the physics of ionic repulsions (DLVO forces) occurring
between colloids in water. By using this code, we assume
that only attractive interaction (through the Hamaker con-
stant) exists between the flowing particle and the walls.
A simulation contains several batches, whose number of
sent particles and mean flux are fixed (here 0.0045 ms-1).
During a batch, all the particles start on the inlet surface.
The position of the particles on the surface is determined
randomly with a seed. Thus, with a same seed, the position
of the particles is identical. In a batch, the flow velocity is
determined by solving Eqs. 1, 2; therefore, the trajectories
of particles are computed (Eqs. 3–6), and the capture of
particles (if any) is determined. After these calculations,
the captured particles are ‘‘aggregated’’ to the wall to form
a new porous medium that will be used for the next batch
calculation. Iterating these calculations for several batches
allows to compute the permeability reduction due to par-
ticle capture within the porous media. In this paper, all the
simulations have been realized with a monodispersed par-
ticle size (5 lm).
First simulations with such conditions show important
discrepancies between the simulations results and the
experiments in microfluidic devices. In simulations, there
is a rapid capture of particles inside the microchannels or in
the entrance corner of the microchannels leading to a rapid
formation of arches. At the opposite, during experiments
no permanent deposition is observed within straight pores;
when a deposited particle is observed in the channels in one
picture, in the next picture the particle is no longer at the
same position. Experimentally, the deposited particles are
then swept along by the strong velocity of the fluid in the
microchannel. However, the re-suspension of particles by
the flow cannot be accounted by GeoDict software. To
overcome this problem, the wall in the microchannels
(parallel to the fluid flow) has been considered as non-
adherent by applying on these specific surfaces a Hamaker
constant of zero and a restitution coefficient of 1.
3 Experiments on microseparators
The filtration conditions in microseparators have been
chosen to be close to the ones of the microfiltration pro-
cess. The velocity is equal to 4.5 mm s-1 in the large
upstream channel and to 20.5 mm s-1 in the microchan-
nels. The superficial filtration velocities (around 16 m h-1)
are in the range of those used in membrane microfiltration
(up to 50 m h-1, based on data for a MF-Millipore mem-
brane with 8 lm pore size, operated at 100 mbar) and in
conventional filtration with wooden filters or sand filters
(up to 20 m h-1 for rapid filtration). So, the Reynolds
number is, respectively, 0.44 and 0.58. The characteristic
length used for the calculation of Reynolds number is here
the channel hydraulic diameter. Regarding the inertial
effects, the Stokes number is about 10-4. Therefore, it is
clear that the particles follow the streamlines (low inertial
effects). The Peclet number is about 105, so the Brownian
Fig. 3 Scheme of the model for numerical simulation (surface 1
inlet, surface 2 outlet, surfaces 3 periodic conditions)
motion has a weak influence on the particles trajectory.
Particle sedimentation can be neglected as the particle
settling time (the settling velocity is O(1) lm/s) over the
height of the microchannel (50 lm) was much larger than
the particle residence time in a microchannel (10 ms). The
next section presents the effect of the porous media
geometry, of the ionic strength (playing on particle–wall
surface interactions) and of fluid velocity on the clogging
dynamics.
Preliminary experiments have been performed by
varying the concentration in KCl in the solution where
particles are dispersed. These first experiments have con-
firmed the importance of this parameter on the capture
efficiency that has already been discussed (Agbangla et al.
2012). Only a few captures of particles are observed after
2 h of filtration when particles are dispersed in ultrapure
water in all the geometries presented in this paper, whereas
fouling is observed when processing with particles diluted
in 10-1 M KCl solution (concentration chosen in order to
reduce the magnitude of repulsion between particles
without having particle aggregation). This trend can be
explained by the existence of enhanced repulsive electro-
static interaction (higher magnitude and longer interaction
range) in the absence of ions in the solution that prevents
particle adhesion on PDMS walls.
3.1 Effect of tortuosity and connectivity of the porous
geometry
Experiments performed with different geometries are pre-
sented in Fig. 4. The volume fraction of the dispersion is
10-3, and the fluid velocity is 4.5 mm s-1 (around 42
million of particles are sent in 2 h). The particles are dis-
persed in 10-1 M in KCl in order to reduce the repulsion
between particles and the wall. Different clogging modes
can be observed.
When filtering in straight channels, the formation of
dendrites on the wall at the upstream side is observed: the
particles pile up on the top of the PDMS bar and do not
clog the microchannels. After 75 min of filtration, the
particles begin to clog the microchannels (the pores of this
membrane) and the filtration efficiency also decreases. At
this time, about 2.1014 particles have been sent in the mi-
croseparator (thus representing a volume of particles of
12.5.10-3 mL). A rough estimation of the volume of cap-
tured particles leads to estimate a maximum (a fifth of the
Fig. 4 Effect of microchannels geometry on the plugging. Images are
taken at different times during the filtration (filtration velocity from
the top to the bottom) of 5 lm latex particles with a volume fraction
of 10-3. The fluid velocity is 4.5 mm s-1. Particles are dispersed in
10-1 M KCl solution
volume of the bars) of 2 10-6 mL ((20 9 200 lm 9
50 lm 9 50 lm)/5) of captured particles. The capture
efficiency is then very low (\0.1 %).
With staggered pillars, particles are captured at first
between the second and third rank, and then, the capture
happens higher in the forest of square pillars. Later on, these
particle accumulations lead to the blockage of the channels
and to the formation of deposit on the upstream side. This
filtration leads to a quicker clogging of channels than the
one for straight channels. Contrary to the case of the parallel
microchannels, there is no piling up on the pillars.
Similar behavior (internal pore blocking leading to
deposit formation) is observed with aligned pillars geom-
etry. A specific observation has been made with aligned
pillars: the presence of an important deposit on the
downstream zone is observed. This filtration leads to a
quicker clogging of channels than the previous one: the
filtration efficiency is higher. The origin of this deposit will
be considered in the discussion section.
The dynamic of the clogging within the space inside the
porous media (internal filling) and in the upstream zone
(average number of deposit layers) is represented in Fig. 5.
The geometry with the aligned pillars (or connected
pores) is quickly filled with the particles: almost 90 % of
the internal porous void is darkened by the presence of
particles. A rapid internal filling is observed for staggered
pillars, whereas the internal filling stays to a very low level
with straight channel. The formation of the superficial
deposit (Fig. 5b) grows with almost the same velocity in
the case of aligned or staggered pillars; in the case of the
formation of the deposit, the layer is mainly due to pore
blockage, which leads to the progression of the deposit in
the upstream zone (deposit grows from the pore sections
between the microchannel wall). The variation in superfi-
cial deposit is more important in the case of straight
channel but the deposit formation has different character-
istics here. The deposit here is due to the formation of
dendrites on the microchannels walls between open sec-
tions. Some explanations for these different fouling struc-
tures will be given in the discussion section at the light of
the simulation results.
3.2 Effect of the fluid velocity
Experiment (Fig. 6) has been conducted in the same con-
ditions but with a more important velocity (9 mm s-1 in
the large upstream channel and to 21 mm s-1 in the mi-
crochannels). When comparing experiments realized with
different velocities (Figs. 4, 6), it can be clearly seen that
the clogging of the porous media is faster at a higher fluid
velocity. The deposit observed after 2 h of filtration with
the 4.5 mm s-1 is obtained only after 15 min when the
fluid velocity is twice. In order to have a fair comparison of
the clogging kinetics, the variations of the internal filling
and of the number of deposit layer are plotted in Fig. 7 as a
function of the filtered volume of particle per filter area
(being the product of the filtration time, the fluid velocity
and the volume fraction of particles). In this representation,
the dynamic of the internal filling is slightly more impor-
tant for higher velocities, but here, the difference is not
really significant. The difference is more pronounced when
considering the number of deposit layers: the deposit layers
increase significantly more rapidly for the higher velocity.
The increase in the fluid velocity seems then to favor the
plugging of microchannels. It is here an additional effect of
the inherent increase due to the increase in the particle flux
density. Similar observations have been made with straight
channels by (Agbangla et al. 2012) who defined a critical
flux density of particle yielding arches and deposits. Such a
phenomenon could be explained by the theory used to
Fig. 5 Variation with time of the internal filling percentage (ratio of
the surface occupied by particles over the total available surface
within the porous media) and of the average number of deposit layers
(ratio of the mean deposit thickness in the upstream zone over the
particle size). In each figure, the variations are represented for the
three different geometries: cross for straight channels, circle for
connected channels and triangle for staggered rows
define critical flux (Bacchin et al. 2006a) and critical fil-
tered volume (Bessiere et al. 2005) concepts in filtration
where a critical flux (or a critical filtered volume) has been
defined above which the drag force on particles near the
porous surface is important enough to overcome particle–
wall interactions and leads to the formation of deposit.
Additionally, it can be note with the experiment at
9 mm s-1 that the deposit formation seems to reach a
stability zone after 1 h (Fig. 7b). This plateau seems to be
due to the tangential velocity acting on the top of the
deposit: streamlines of particles parallel to the deposit
surface can be seen above the dense deposit in the right part
Fig. 6 Images taken for
different filtration times of the
clogging formation for a fluid
velocity of 9 mm s-1 on
staggered row pillars. These
images have to be compared to
the ones obtained in the same
conditions but with a lower fluid
velocity (4.5 mm s-1) in Fig. 4.
A similar deposit formation is
observed at 900 s for a fluid
velocity of 9 mm s-1 and at
7,200 s for a fluid velocity of
4.5 mm s-1
Fig. 7 Variation of the internal filling and of the number of deposit layers as a function of the volume of filtered particles per filter area (the
product of the filtration time, the fluid velocity and the volume fraction of the dispersion) for a fluid velocity of 4.5 and 9 mm s-1
of the image after 1 or hours (Fig. 6). Such tangential
velocity prevents the growing of the cake because of a
sweeping effect as it is classically observed with cross-flow
filtration. Our experiments are operated in a dead end fil-
tration mode (one inlet and one outlet) but the non-
homogeneity in the deposit formation and by consequence
in the fluid distribution through the microchannels induces
local tangential velocities that prevent further deposit
formation.
4 Numerical simulations
Numerical simulations have been performed with GeoDict
software in order to analyze the particle capture in the
porous geometries. Simulation parameters (velocity, geo-
metrical structures, etc) have been chosen to correspond to
the experiments. Simulations have been performed for
30,000 particles shared out in 30 batches corresponding to
an experimental filtration time of 40 s.
The results of simulation with these conditions are
presented in Figs. 8, 9 and 10 for the different geometries
used during filtration experiments. For all the different
geometries, the dynamic of capture is more important with
simulations than with experiments: a formation of dense
deposit at the entrance of the straight channels is observed
after 40 s of simulation. The structure of deposited parti-
cles does not show the formation of dendrites (as it has
been observed in experiments) but the formation of arches
leading to dense deposit formation. In the staggered
geometry (Fig. 10), important internal captures of particles
are simulated: these clogging structures are close to the
ones observed in the experiment. For connected micro-
channels (Fig. 9), it is an intermediate behavior with some
internal deposit formation: as it will be discussed later in
the paper, this internal clogging is due to the disturbance of
fluid distribution within the pores.
The average capture efficiency is presented in Fig. 11 for
the three simulations as a function of the number of filtered
particles. This number is proportional to the simulation time.
For all cases, the capture increases with time: the capture of
particles enhances the probability to have a new capture site.
Since the first time of simulation, the dynamic of the capture
is faster with staggered pillars geometries. The formation of
an internal deposit leads to have an important capture effi-
ciency (more than 50 % after 30,000 particles sent). The
capture efficiencies are very close for straight and connected
channels. For connected channels, the efficiency is slightly
lower at the beginning of the simulation and higher at the end
of the simulation (probably because of the formation of
0 particles 6000 particles 12000 particles
30000 particles 20000 particles
Fig. 8 Simulation of the capture of particles in straight channel
geometry
0 particles 6000 particles 12000 particles
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Fig. 9 Simulation of the capture of particles in connected channel
geometry
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Fig. 10 Simulation of the capture of particles in staggered pillars
geometry
internal capture). When the evolution of the permeability is
analyzed (Fig. 12), we can note for all geometries that the
reduction in permeability is not significant at the beginning
of the simulation, i.e., when initial particle capture on the
wall does not reduce the permeability. When comparing the
clogging for the different geometries, the same trends can be
observed with a more pronounced reduction in permeability
for the staggered pillars geometry; the permeability of the
system at the end of simulation is only 5 % of the initial
permeability. For the straight and connected channels, the
reduction in permeability is of 40 % at the end of the
simulation.
5 Discussion
Experiments and simulations presented in previous sections
show the role of connectivity and tortuosity on the
plugging of microchannels. For all geometries, the simu-
lations allow the reproduction of the behavior observed
qualitatively with an internal clogging and the formation of
dense deposit. However, simulations do not allow a good
depicting of the capture kinetics: in simulations, a cake
layer is obtained in less than one minute (a dense deposit is
formed after the filtration of 30,000 particles corresponding
to 40 s filtration duration as seen in Fig. 8), whereas in the
same conditions, several hours are needed during experi-
ments (a ten layer deposit is obtained after 1 or 2 h of
filtration as seen in Fig. 5). The time constant is then not
recovered properly in the simulations: the kinetic is over-
estimated in simulations by a factor between 100 and
1,000. Such a discrepancy can be due to the overestimation
of the capture efficiency in simulations. As discussed in
Sects. 2–4, the capture condition used in Geodict is based
on a balance between the particle kinetic energy and the
Hamaker constant and then does not account for repulsive
surface interactions. It is well known that the capture
kinetics is controlled by surface interactions for small
particles in porous media (Elimelech and O’Melia 1990) or
within microchannels (Chatterjee et al. 2012). It has been
demonstrated (Verwey and Overbeek 1948) that the
aggregation constant in presence of repulsive surface
interaction (reaction-limited aggregation or slow aggrega-
tion) is inversely proportional to the colloidal stability ratio
(playing the role of the inverse of the capture efficiency). A
stability ratio between 100 and 1,000 could then explain
the difference of kinetics between simulations and experi-
ments. Such stability ratio corresponds to weak potential
barrier (between 10 and 20 kBT) that can be possibly
encountered between micrometric particles dispersed in
10-1 M in KCl (the repulsive interaction is not totally
screened by the salt: the critical concentration for coagu-
lation has been measured at 2 10-1 M in KCl). The pre-
sence of weak repulsive colloidal interactions (not
accounted in the simulation) could explain why faster
clogging kinetics are obtained with simulations.
In straight channels, during filtration on microseparators,
particles do not accumulate within the microchannels (par-
ticles are swept away by the fluid velocity) but pile up on
pillars to form dendrites (Fig. 4a) or for higher fluid veloc-
ities to form arches leading to dense deposit formation
(Fig. 6). Simulations with GeoDict software by considering
non-adherent surface inside the pores can describe such
arches and dense deposit formations in several steps. Ini-
tially, particles on critical hydrodynamic trajectories are
captured at the entrance channel corners (such an initial
particle deposition at a pore corner has already been
observed and discussed by Lin et al. 2009). Then, particles
accumulate in the upstream zone of these first deposited
particles or laterally to these particles to form dendrites at the
corner of the channel (as seen after 6,000 particles in Fig. 8).
Fig. 11 Evolution of the capture efficiency as a function of the
number of particles filtered through the geometries with straight
channel, connected channels or staggered pillars (30,000 filtered
particles correspond to 40 s of filtration during experiments)
Fig. 12 Evolution of the permeability as a function of the number of
particles filtered through the geometries with straight channel,
connected channels or staggered pillars (30,000 filtered particles
correspond to 40 s of filtration during experiments)
In a third step, such deposits can join to form arches at the
pore entrance (after 12,000 particles in Fig. 8). Finally, it
leads to a cake layer formation in the upstream zone of the
filtration area (after 30,000 particles in Fig. 8). These
observations are also in agreement with simulations already
performed (Ando et al. 2012). For the same pore/particle size
ratio of 2.5, these authors show a fouling mode in which
particles are accumulated on the surface of the membrane
without filling the pores and in which a cake layer forms
across the entire filtration area.
When adding tortuosity in the porous media with stag-
gered pillars geometry, in experiments and in simulation,
particles start to be captured in the porous media primarily
on the surface perpendicular to the main fluid direction.
This accumulation occurs both on the different layers of the
porous media. The volume occupied by these accumula-
tions increases with time and goes back up to the pore
entrance. It leads with time to a pore blockage that induces,
later on, the growth of a cake layer in the upstream zone.
The tortuosity in the porous media plays then an important
role in the internal blocking of particles leading to the
clogging of the system.
When adding connectivity in the porous media with
connected microchannels, at the beginning the clogging
behavior is very similar to the clogging observed with
straight channels. However, with time and because of the
first particle capture, the flow distribution is no longer
homogeneous and induces flow velocities in the connection
zone between channels (Fig. 13). This deviation of the
streamlines through the porous media enhances the internal
deposition of particles, as it has been observed in a more
pronounced way and since the beginning of experiments or
simulation with the tortuous porous media. The nonuni-
form flow distribution in connected channels induces local
changes in fluid velocity and even in the flow direction.
These streamline changes seem to be responsible for the
detachment and transport of particle aggregate through the
network which settles in the dead end zone existing in the
porous media because of the connection between pores: the
settling velocity of a particle is in the range of micrometers
per second, and then, about 10 s in a stagnation point is
sufficient for a particle to settle along the height of the
microchannels. The settling leads to the deposition of
particle cluster in the porous media and in the downstream
zone. In the connected geometry, the interplay between
these phenomena leads to the particular clogging pattern
observed during experiments (Fig. 4b). The formation of
aggregate in these connected microchannels could then be
controlled by aggregate–aggregate interactions. Such a
behavior has been put in evidence by (Gudipaty et al. 2011;
Stamm et al. 2011) during the study of cluster growth
kinetics: they show the important role of constructive and
destructive cluster–cluster interactions on the aggregation
process in microchannels. These phenomena are rather
complex and cannot be fully simulated with GeoDict
software: the particle detachment and re-entrainment by the
fluid as well as the settling are not accounted for.
6 Conclusions
Micronic particle filtration in microfluidic devices has been
realized with three kinds of microchannels geometries:
straight microchannels, connected microchannels (or
aligned square pillars) and staggered square pillars. The
direct observation of the clogging phenomena in these
devices has been analyzed at the light of simulations of the
particle capture in such geometries with GeoDict software.
These results allow determining the effect of tortuosity and
connectivity on the clogging of porous media. With straight
parallel channels at high velocity, the clogging is the
consequence of arches formation at the channel entrance
leading to cake formation. For lower fluid velocity, only
dendrites (accumulation on pillars) are observed. With a
tortuous porous media (staggered pillars), a progressive
plugging of the internal spaces occurs, and, later on, the
Fig. 13 Illustration of the distribution of flow through the connected
channels encountered during simulation. Some connections between
channels are swept by fluid velocities, whereas other connections
correspond to dead end zone. This flow distribution enhances the
particle deposition in the connection because of ‘‘fluid tortuosity’’
through the porous media. Such a phenomenon can also be at the
origin of the detachment of the deposited aggregates because of
transient change in fluid distribution and to the settling of aggregates
when the connection is not swept away by fluid–dead flow zone
plugging progresses toward the upstream zone and leads to
the blocking of the channels entrance and to the formation
of a dense superficial deposit. For connected channels, an
intermediate clogging behavior is observed. Because of the
initial capture of particles at the pore entrance, the distri-
bution of the flow inside the channels is modified, and then,
the dead connection zone between pores can be flowed.
The deviation of streamline toward the connection zone
can then lead to the capture of particles inside the porous
media as it has been observed with tortuous porous media.
These behaviors are simulated with GeoDict software with
a good qualitative agreement. The different steps leading to
the formation of the deposit can then be identified. How-
ever, a quantitative description of the clogging dynamic of
the clogging was not possible mainly because colloidal
interaction and particle re-entrainment cannot be accounted
for in simulations.
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